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Genetic mapping (also known as linkage mapping or meiotic mapping) refers to the determination of 
the relative position and distances between markers along chromosomes. Genetic map distances 
between two markers are defined as the mean number of recombination events, involving a given 
chromatid, in that region per meiosis. Genetic map construction requires that the researcher develop 
appropriate mapping population, decide the sample size and type of molecular marker(s) for 
genotyping, genotype the mapping population with sufficient number of markers, and perform linkage 
analyses using statistical programs. The construction of detailed genetic maps with high levels of 
genome coverage is a first step for localizing genes or quantitative trait loci (QTL) that are associated 
with economically important traits, marker assisted selection, comparative mapping between different 
species, a framework for anchoring physical maps, and the basis for map-based cloning of genes. 
Highly reproducible, high throughput, codominant, and transferable molecular markers, especially 
developed from expressed regions, are sought to increase the utility of genetic maps. This article 
reviews the principles, requirements, and future prospects of genetic mapping in plants.  
 





Since the early 1950s, the development of genetics has 
been exponential with several milestones, including 
determination of DNA as the genetic material in 1944, 
discovery of the double-helix structure of DNA in 1953, 
the development of electrophoretic assays of isozymes 
(Markert and Moller, 1959) and a wide range of molecular 
markers that reveals differences at the DNA level (see 
Semagn et al., 2006 for review). Each of these 
milestones had led to a huge wave of progress in 
genetics. Consequently, our understanding of organismal 
genetics now extends from phenotypes to molecular 
levels, which can lead to new or improved screening 
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and improve decision-making process in breeding 
strategies. Genetic mapping (also known as linkage map-
ping or meiotic mapping) is one of the various applica-
tions of molecular markers in any species. It refers to the 
determination of the relative positions of genes on a DNA 
molecule (chromosome or plasmid) and of their distance 
between them. Genetic map indicates the position and 
relative genetic distances between markers along chro-
mosomes, which is analogous to signs or landmarks 
along a highway where the genes are “houses” (Pater-
son, 1996; Collard et al., 2005). The first genetic map 
was published in 1911 by T. H. Morgan and his student, 
Alfred Sturtevant, who showed the locations of 6 sex-
linked genes on a fruit fly chromosome. The principles of 
genetic mapping and linkage analyses are still used in 
much the same way but with far more advanced 
methodologies. During the past two decades, the step 
from the quite limited polymorphism in morphological 
traits/mutants and  isozymes to the high pace of develop- 
  




ment of molecular markers resulted in extensive genetic 
mapping experiments in many species. 
The construction of detailed genetic maps with high 
levels of genome coverage is a first step for some of the 
applications of molecular markers in plant breeding 
(Tanksley et al., 1989) and serves five purposes: 
 
a) Allow detailed genetic analysis of qualitative and 
quantitative traits that enable localization of genes or 
quantitative trait loci (QTL) (Mohan et al., 1997; 
Doerge, 2002; Yim et al., 2002). 
b) Facilitate the introgression of desirable genes or 
QTLs through marker-assisted selection. 
c) Allow comparative mapping between different 
species in order to evaluate similarity between genes 
orders and function in the expression of a phenotype 
(Ahn and Tanksley, 1993; Paterson et al., 2000). 
d) Provide a framework for anchoring with physical 
maps based on chromosome translocations, DNA 
sequence or other direct measures (Yim et al., 2002). 
e) Constitute the first step towards positional or map-
based cloning of genes responsible for economically 
important traits (Mohan et al., 1997; Vuysteke et al., 
1999).  
 
To be useful for all these purposes, a genetic linkage 
map has to follow technical and methodological criteria 
such as simplicity, robustness, transferability, speed and 
cost effectiveness (Lorieux et al., 2000). This article revi-
ews the principles, requirements, and future prospects of 




PRINCIPLES OF GENETIC MAPPING 
 
Genetic mapping is based on the principle that genes 
(markers or loci) segregate via chromosome recombina-
tion during meiosis (i.e. sexual reproduction), thus 
allowing their analysis in the progeny (Paterson, 1996).  
During meiosis, chromosomes assort randomly into 
gametes, such that the segregation of alleles of one gene 
is independent of alleles of another gene. This is stated in 
Mendel's second law and is known as the law of indepen-
dent assortment. The law of independent assortment 
always holds true for genes that are located on different 
chromosomes, but it does not always hold true for genes 
that are on the same chromosome. When two genes are 
close together on the same chromosome, they do not 
assort independently and are said to be linked. Genes 
that are closer together or tightly-linked will be transmit-
ted together from parent to progeny more frequently than 
those genes located far apart.  
At the beginning of meiosis, a homologous chromo-
some pair may intertwine – form so called chiasma, plural 
chiasmata – and exchange sections of chromosome (Fig- 





bination (also called cross-over or strand exchange) by 
which DNA molecules interact with one another to bring a 
rearrangement of the genetic information in an organism. 
The pair then breaks apart to form gametes with new 
combination of genes that differs from either of the 
parents. The observed recombination fraction between 
two loci is an estimate of one-half the number of 
chiasmata or crossover events between two loci because 
crossing over occurs at the four-strand stage and for 
single crossover events, only two of the four strands 
participate in the recombination. Two non-sister chroma-
tids participate in the cross-over and the other two 
chromatids do not exchange chromosome segments 
(Figure 1). Such process produces two types of gametes: 
 
a) If crossing over does not occur, the products are 
parental gametes. 
b) If crossing over occurs, the products are recombinant 
gametes. 
 
The allelic composition of parental and recombinant 
gametes depends upon whether the original cross invol-
ved genes in coupling or repulsion phase. In diploid spe-
cies, the most prevalent gametes in a coupling phase will 
be those with two dominant alleles or those with two 
recessive alleles. For repulsion phase crosses, gametes 
containing one dominant and one recessive allele will be 
most abundant (Figure 1).  
How can we decide how close two genes are on a 
chromosome? Whereas genes located on different 
chromosomes assort independently (unlinked) and have 
a recombination frequency of 50%, linked genes have a 
recombination frequency that is less than 50% (Hartl, 
1988). The chance of a crossover producing recombina-
tion between genes is directly related to the distance bet-
ween two genes - the lower the frequency of recombina-
tion between two markers, the closer they are situated on 
a chromosome (conversely, the higher the frequency of 
recombination between two markers, the further away 
they are situated on a chromosome).  
 
 
REQUIREMENTS FOR GENETIC MAPPING 
 
Genetic linkage map construction requires that the 
researcher; 
 
1) Develop appropriate mapping population and decide 
the sample size.  
2) Decide the type of molecular marker(s) for geno-
typing the mapping population. 
3) Screen parents for marker polymorphism, and then 
genotype the mapping population (parents plus all 
progenies). 
4) Perform linkage analyses (calculate pairwise recom-
bination frequencies between markers, establish lin-
kage groups, estimate map distances, and determine
  






Figure 1. Different steps involving two strands during meiosis: (i) single recombination between genes 
that are far apart, and two types of gametes are produced after the completion of meiosis: parental type 
(abc and ABC) and recombinant type (abC and ABc); (ii) single recombination between two genes at the 




map order) using statistical programs.  
 





The first step in producing a mapping population is 
selecting two genetically divergent parents, which show 
clear genetic differences for one or more traits of interest 
(e.g., the recipient or recurrent parent can be a highly 
productive and commercially successful cultivar but lacks 
disease resistance, which is present in another donor 
parent). The parents should be genetically divergent 
enough to exhibit sufficient polymorphism and at the 
same time they should not be too genetically distant so 
as to: 
 
a) Cause sterility of the progenies and/or 
b) Show very high levels of segregation distortion during 
linkage analysis.  
In self-pollinating species, mapping populations originate 
from parents that are both highly homozygous (inbred). In 
cross pollinating (outcrossing) species, the situation is 
more complicated since most of these species do not 
tolerate inbreeding. Two-way pseudo-testcross, half-sib 
and full-sib families derived from controlled crosses have 
been proposed for mapping in outcrossing species. As 
shown in Figure 2, progenies from the second filial 
generation (F2), backcross (BC), recombinant inbred lines 
(RILs), double haploids (DHs), and near isogenic lines 
(NILs) can be used for genetic mapping in self pollinating 
species (Burr et al.,1988; He et al., 2001; Doerge, 2002). 
Selection of populations is critical to successful linkage 
mapping. F2 populations are developed by selfing F1 
hybrids derived by crossing the two parents while BC 
population is produced by crossing F1 back into one of 
the parents (the recipient or recurrent parent). RILs are 
developed by single-seed selections from individual 
plants of an F2 population; such selections continue for 
six to eight generations. If backcross selection is repea-
  










ted at least for six generations, more than 99% of the 
genome from BC6 and above will be derived from recur-
rent parent (Babu et al., 2004). Selfing of selected indivi-
duals from BC7F1 will produce BC7F2 lines that are homo-
zygous for the target gene, which is said to be nearly 
isogenic with the recipient parent (NILs). NILs are freq-
uently generated by plant breeders as they transfer major 
genes between varieties by backcross breeding (Tanks-
ley et al., 1995). A DH population is produced by doubling 
the gametes of F1 or F2 population. Plants will be regene-
rated using tissue culture techniques after induction of 
chromosome doubling from pollen grains or haploid em-
bryos resulting from species crosses.  
Currently available literature shows that genetic maps 
are constructed using different types and sizes of map-
ping populations, marker systems, statistical procedures 
and computer packages (Ferreira et al., 2006). Each 
factor can affect the efficiency of the mapping process 
because of differences in the genetic distances between 
markers that can occur by variations in the degree of 
recombination observed in different crossings (Liu, 1998), 
and this is true even if different maps are generated for 
different populations of the same species (Paterson et al., 
2000). For example, He et al. (2001) compared linkage 
maps between DH and RIL populations derived from the 
same rice cross. Map length per chromosome in the RIL 
population was shorter than that in the DH population, 
and the total map length for all chromosomes in the RIL 
population (1465 cM) was 70.5% of that in the DH popu-
lation (2079 cM), although the opposite should have been 
expected due to the higher amount of recombination 
possible in RILs. Each mapping population has advanta-
ges and disadvantages (McCouch and Doerge, 1995; 
Paterson, 1996) and the research needs to decide the 
appropriate population for linkage mapping depending on 
project objective, time available for developing the popu-
lation, and whether the molecular markers to be used for 
genotyping are dominant or codominant. Both F2 and BC 
are the simplest types of mapping populations because 
they are easy to construct and require only a short time to 
produce. However, F2 and BC populations are considered 
to be temporary populations because they are highly 
heterozygous and cannot be propagated indefinitely 
through seeds. RILs, NILs and DHs are permanent popu-
lations because they are homozygous or ‘true-breeding’ 
lines that can be multiplied and reproduced without gene-
tic change occurring. Seeds from RILs, NILs and DHs 
can be transferred between different laboratories for 
linkage mapping to ensure that all collaborators examine 
identical material (Young, 1994; Paterson, 1996; He et 
al., 2001). DH populations are quicker to generate than 






for species with a well established protocol for haploid 
tissue culture. The time required for developing RILs and 
NIL populations is a major constraint in mapping studies.  
In spite of the availability of various papers on genetic 
mapping, specific studies relating to the ideal number of 
individuals in a given population required to establish 
accurate genetic maps have yet been inconclusive. Simu-
lation studies performed using a sample size ranging 
from 50 to 1000 individuals of F2, BC, RILs and DHs 
populations have shown that the type and size of map-
ping populations can exert an influence on the accuracy 
of genetic maps (Ferreira et al., 2006): 
 
I. Populations’ size with the lowest number of individuals 
provided several fragmented linkage groups and inac-
curate locus order. 
II. More accurate maps were obtained for RIL and F2 
population with co-dominant markers, while maps cons-
tructed from F2 with dominant marker was less accu-
rate. 
III. The higher the number of individuals, the more precise 
was the map. 
IV. For all population types, a total of 200 individuals were 
required to construct reasonably accurate linkage 
maps. 
 
In practice, the population size used in preliminary 
genetic mapping studies varied from 50 to 250 indivi-
duals (Mohan et al., 1997) but a larger population size is 
needed for high resolution fine mapping. 
Staub and Serquen (1996) reviewed the genetic infor-
mation for different types of mapping populations in rela-
tion to dominant versus codominant markers. Maximum 
genetic information is obtained from F2 population using a 
codominant marker system. Dominant markers supply as 
much information as codominant markers in RIL, NILs 
and DHs (Burr et al., 1988; Figure 3) because all loci are 
homozygous, or nearly so. BC populations can be useful 
for mapping dominant markers if all loci in the recurrent 
parent are homozygous, and the donor and recurrent 
parent have contrasting polymorphic marker alleles (Rei-
ter et al., 1992). Information obtained from BC popula-
tions using either codominant or dominant markers is less 
than that obtained from F2 populations because one, 
rather than two, recombinant gametes are sampled per 
plant. If the phenotypic variation is known to be controlled 
by QTLs which all exhibit complete dominance in the 
same direction, then a backcross to the recessive parent 
results in the QTL segregating in two classes (hetero-
zygote and recessive homozygotes; Figure 3) and this 
cross is a more powerful means of locating QTLs than F2. 
F2 is more powerful for detecting QTLs of additive effect, 
and can also be used to estimate the degree of domin-
ance for detected QTLs. RILs, NILs and DHs may be 
powerful tools for QTL detection in some circumstances 
but provide no information on dominance relationships for 




any QTL (Haley and Andersson, 1997). 
 
 
Selection of molecular markers for mapping  
 
Restriction fragment length polymorphisms (RFLPs), 
microsatellites or simple sequence repeats (SSRs), 
expressed sequence tags (ESTs), cleaved amplified poly-
morphic sequence (CAPS), random amplified polymer-
phic DNA (RAPD), amplified fragment length polymorphi-
sms (AFLPs), inter simple sequence repeat (ISSR),  
diversity arrays technology (DArT), and single nucleotide 
polymorphism (SNP) have been used for map construc-
tion in several plants. Each marker system has advan-
tages and disadvantages, and the various factors to be 
considered in selecting one or more of these marker 
systems have been described in another review (Semagn 
et al., 2006). The first large scale efforts to produce 
genetic maps were performed mainly using RFLP 
markers, the best known genetic markers at the time 
(Helentjaris et al., 1986; 1988; Burr et al., 1988; Beavis 
and Grant, 1991; Shoemaker et al., 1992; Gardiner et al., 
1993; Coe et al., 1995). The major strength of RFLP 
markers includes codominant inheritance, good transfera-
bility between laboratories, locus-specificity that allows 
synteny (conserved order of genes between related 
organisms) studies, and high reproducibility. There are, 
however, several limitations for RFLP analysis:  
 
a) It requires high quantity and quality of DNA. 
b) It depends on the development of specific probe 
libraries for the species. 
c) The technique is not amenable for automation. 
d) The level of polymorphism is low. 
e) It is time consuming and laborious.  
f) It usually requires radioactively labeled probes.   
 
With the development of polymerase chain reaction 
(PCR)-based markers, the strategy in linkage mapping 
dramatically shifts to this new type of marker. Currently, 
microsatellite markers remain a standard for linkage map 
construction. The advantages of SSRs are well docu-
mented (Powell et al., 1996; Gupta et al., 1999) and 
these include: high information content, co-dominant 
inheritance, reproducibility, locus specificity, highly trans-
ferability, and ease for automation for high throughput 
screening. However, the high development cost and 
effort required to obtain working SSR primers for a given 
species has restricted their use to only a few of the 
agriculturally important crops (Squirrell et al., 2003). 
ESTs are attractive for marker development since they 
represent coding regions of the genome. ESTs have 
been used for efficient development of EST-based RFLP, 
CAPS, SSRs and SNP markers (Harushima et al., 1998; 
Davis et al., 1999; Cho et al., 2000; Eujayl et al., 2002). 
There are a number of advantages for markers develop-
ed from EST-based sequences. First, if an EST marker is 
  






Figure 3. An example of a hypothetical gel showing segregation patterns for codominant (left- hand side) 
and dominant (right-hand side) markers for five types of mapping populations (Collard et al., 2005). In 
contrast to codominant markers, dominant markers cannot discriminate between heterozygous and 
dominant-homozygous genotype in F2 populations. P1 and P2 are the two parents, and the eight progenies 




found to be genetically associated with a trait of interest, 
it is possible that the mapped gene directly affects the 
trait. Second, ESTs that share homology to candidate 
genes or differentially expressed ESTs in a tissue of 
interest, can be specifically targeted for genetic mapping. 
Third, EST-based markers are very useful for compara-
tive mapping across different species because they 
generally have high degree of sequence conservation, 
and are more likely to be transportable across pedigree 
and species than are markers derived from non-expres-
sed sequences. Fourth, if DNA sequence information is 
lacking for a target species, ESTs derived from other 
species could be used as the basis for genetic mapping 
in other species of interest. Hence, marker development 
and map-based cloning in one species will profit from 
data available in any other species. Genetic mapping with 
ESTs would thus enable a more rapid transfer of linkage 
information between species (Cato et al., 2001). How-
ever, the scope of EST-derived marker development is 
limited to species for which sequencing databases alrea-
dy exist (Eujayl et al., 2004). In some cases, CAPS mar-
kers have been used for genetic mapping (Iwata et al., 
2001; Tani et al., 2003) and they have several advan-
tages: 
I. CAPS are much easier and less time-consuming than 
RFLPs. 
II. CAPS primers developed from ESTs are more useful 
as genetic markers for comparative mapping study 
than those markers derived from non-functional 
sequences such as genomic microsatellite markers.   
III. CAPS markers are inherited mainly in a co-dominant 
manner (Matsumoto and Tsumura, 2004), and the 
development of CAPS markers is only possible 
where mutations disrupt or create a restriction 
enzyme recognition site. 
 
AFLP markers have been used extensively in genetic 
mapping for increasing marker density in several species 
(e.g., Barrett and Kidwell, 1998; Parker et al.,1998; Hua-
ng et al., 2000; Schwarz et al., 2000; Chalmers et al., 
2001). AFLP markers are highly polymorphic, reproduci-
ble, and can be used for any organism without initial inve- 
stment in primer/probe development and sequence infor-
mation. They generally provide good genome coverage, 
but clustering of AFLP markers especially from the 
methylation insensitive EcoRI-enzyme may aggravate 
clustering in the highly methylated centromere and 






mately the position of AFLP markers is dependent on the 
location of the restriction sites of the enzymes used in 
their production (King et al., 2002). RAPD markers have 
been used to construct linkage maps in several species 
but has not found wide acceptance (e.g., Demeke et al., 
1997; Yang et al., 1996). Non-reproducibility and comi-
gration of RAPD markers limited their application in 
mapping.  Inter simple sequence repeat (ISSR) markers 
have also been used in some cases (Dirlewanger et al., 
1998; Kojima et al., 1998; Davila et al., 1999; Arcade et 
al., 2000). High polymorphism and simplicity are interes-
ting characteristics of ISSR markers for mapping purpo-
ses (Kojima et al., 1998). Like RAPDs, comigration and 
non-reproducibility are limitations for ISSRs (Moreno et 
al., 1998), although some authors claim a reproducibility 
of ISSR fragments over 99% on polyacrylamide gels 
(Fang and Roose, 1997). AFLPs, RAPDs and ISSRs 
share a common limitation for linkage mapping in that; 
 
a) The chromosomal location of markers scored from 
one cross cannot be extrapolated to others unless 
indirectly determined using other known markers, 
such as RFLPs and microsatellites. 
b) They all are dominant markers, and unable to show 
differences between dominant homozygous and 
heterozygous individuals. Hence, these markers are 
less valuable for mapping F2 or BC populations. 
 
DArT has recently been used in genetic mapping and 
fingerprinting studies in wheat (Akbari et al., 2006; Sema-
gn et al., 2006), Arabidopsis (Wittenberg et al., 2005), 
and barley (Wenzl et al., 2004). DArT is a high-through-
put, quick, and highly polymorphic and reproducible met-
hod but their dominant inheritance is still a limitation for 
mapping. DArT markers have a great potential for genetic 
mapping in a number of ‘orphan’ crops relevant in Third 
World countries (see www.cambia.org or http://www.di-
versityarrays.com for information). DArTs, however, have 
not yet been tested in a wide range of species by 
different researchers, and the chromosomal location of 
DArT markers remains to be established in each target 
species. SNPs are numerous, can be quite polymorphic 
when defined on the haplotype level (500 - 1000 bp 
length of DNA), should be highly transferable if assayed 
for conserved orthologous set genes (Fulton et al., 2002), 
can be restricted to coding DNA thus allowing quanti-
tative trait nucleotide (QTN) studies, and can be co-
dominant (although this depends upon the technique 
used to assay the SNPs). SNP genotyping technologies 
have been developed rapidly in the last few years. As a 
result, a great variety of different SNP typing protocols 
and facilities have become available for researchers, and 
there is no single protocol that meets all research needs. 
Different aspects should be taken into account to deter-
mine the best suitable SNP technology in terms of sensi-
tivity, reproducibility, accuracy, capability of multiplexing  




for high throughput analysis, cost effectiveness in terms 
of initial investment for equipment and cost per data-
point, flexibility of the technology for uses other than SNP 
discovery, and time-consumption for analysis (Semagn et 
al., 2006 for review). In general, the use of SNP demands 
extensive investment for highly specialized equipment 
and skilled manpower.   
 
 
Polymorphism screening and genotyping of the 
mapping population 
 
The third step in the construction of a linkage map is to 
identify sufficient number of markers that reveal different-
ces between parents (i.e., polymorphic markers). It is 
critical that sufficient polymorphism exists between par-
ents in order to construct a linkage map. In general, cross 
pollinating species possess higher levels of polymorphi-
sm compared to inbreeding species. Once sufficient num-
bers of polymorphic markers have been identified bet-
ween parents, they must be used to genotype the entire 
mapping population. Examples of DNA markers screened 
across different populations are shown in Figures 3 and 
4. The progenies will inherit a marker from either of the 
parents (homozygous dominant or homozygous reces-
sive) or both parents (heterozygous) but the scoring 
method is different between codominant and dominant 
markers, as the latter is not able to show differences bet-
ween dominant homozygous and heterozygous indivi-
duals.  
A genetic map is as good as the data that were used to 
construct it. Researchers construct a linkage map assu-
ming no errors present in the data and then look for 
improbable genotypes, such as those originating from 
double recombinations (Figure 1). Therefore, the data 
must be critically checked for all possible errors, such as 
typographical error, missing data, genotype coding error, 
order of genotypes along all loci, etc. It is absolutely 
essential that the order of the individuals is identical over 
all loci in the data file. As discussed by several authors 
(e.g. Shields et al., 1991; Hackett and Broadfoot, 2003), a 
low frequency of typing errors can have a substantial 
impact on the order and length of a linkage map. The 
most likely effect of a typing error is to introduce a double 
recombination, so that an individual’s genotype at three 
neighboring loci might change from a true genotype of 
ABA to ABB. This is increasingly the case as the marker 
density increases and the proportion of true recombina-
tions between neighboring markers falls. Individuals with 
too much missing data will contribute very little 
information in the map calculations; in fact they might 
even cause problems (Van Ooijen and Voorrips, 2001). 
The presence of missing values in the marker data 
means that information about the number of true recom-
bination that has taken place along the chromosome is 
lost. Hackett and Broadfoot (2003) performed a simula-
  






Figure 4. A polyacrylamide gel showing segregation patterns for the two parents and 22 F2 
progenies. F2 individuals are subjected to amplification with the primer pair belonging to 
markers X and Y and the two reactions are run simultaneously on a same gel. F2 individuals 
that show a recombination event in the region flanked by X and Y can easily be distinguished 
from non-recombinants because they produce three PCR fragments instead of two (homozy-
gous F2 non-recombinants) or four (heterozygous F2 non-recombinants). In this example, only 
individuals 3 and 22 have recombination between marker X and Y. The table shows the 
genotypic data for the F2 individuals coded as follows: a (same allele as P1), b (same alleles as 




tion study to investigate the effects of typing errors and 
missing values on the construction of linkage maps and 
concluded that missing values had less effect than typing 
errors, but they reduced the number of correctly ordered 
markers and produced shorter map lengths for more 
widely separated markers. 
 
 
Linkage analyses and map construction  
 
Linkage analyses and mapping are computerized. Seve-
ral computer packages are presently available for genetic 
linkage mapping but the most widely used are JoinMap 
(Stam, 1993a), MAPMAKER/EXP (Lander et al., 1987), 
GMENDEL (Echt et al., 1992), LINKAGE (Suiter et al., 
1983), and Map Manager QTX (Manly et al., 2001). Join-
Map is a commercial program while all others are freely 
available from the internet. The basic principles in map 
construction are basically the same for the different 
statistical programs, and the major steps in linkage 
analyses are described using JoinMap as an example.  
 
 
a) Test for segregation distortion 
 
For each segregating marker, a chi-square analysis 
needs to be performed to test for deviation from the 
expected segregation ratio for the mapping population 
(1:1 for both dominant and codominant markers in BC, 
RIL, DH and NIL; 1:2:1 for codominant markers in F2; 3:1 
for dominant markers in F2).  A deviation of the observed 
genotypic frequencies from the expected in a given 
genotypic class within a segregating population is called 
segregation distortion (Sandler and Novitski, 1957; San-
dler and Golic, 1985; Lyttle, 1991). Segregation distortion 
can occur due to different reasons: statistical bias, geno-
typing and scoring errors (Plomion et al., 1995) and biolo-






gametes for preferential fertilization, gametocidal or 
pollen-killer genes (abortion of male or female gametes), 
incompatibility genes, chromosome arrangements or non-
homologous pairing (Strauss and Conkle, 1986; Lyttle 
1991; Bradshaw and Stettler, 1994; Lefebvre et al., 
1995). Segregation distortion is a problem often encoun-
tered in mapping studies (Wendel and Parks, 1984; 
Torres et al., 1985; Lyttle, 1991; Schon et al., 1991; Zivy 
et al., 1992). It has been shown that the analysis of link-
age may be influenced by deviations of single-locus 
segregation ratios from expected frequencies, and seve-
ral authors have discussed methods to test for linkage or 
to estimate recombination frequencies between genes 
showing segregation distortion (Bailey, 1949; Garcia-
Dorado and Gallego, 1992; Lorieux et al., 1995a,b). The 
effects of inclusion of loci with significant segregation 
distortion in the final linkage map seem contradictory. 
According to Hackett and Broadfoot (2003), segregation 
distortion had very little effect both on marker order and 
map length but others have reported reduction in map 
length due to the presence of loci with significant segre-
gation distortion. Segregation distortion is a normal phe-
nomenon in wide crosses, and one should be careful in 
removing loci with segregation distortion from further 
calculation. It is better to study these loci after calculating 
the map, as markers distorted towards the same direction 
clustered in a small chromosome region (Byrne et al., 
1995; Lefebvre et al., 1995; Harushima et al., 1996; Lu et 
al., 2002; Matsushita et al., 2003; Sibov et al., 2003).  
In plants, the percentage, degree, origin and genetic 
effects of segregation distortion vary significantly with 
species, population types, crosses and marker types. DH 
and RIL populations usually have high segregation distor-
tion while BC populations usually have relatively fewer 
segregation distortions. For DH, non-Mendelian segrega-
tion may arise due to the various reasons mentioned 
above plus selection associated with the in vitro DH 
production process and fixation of recessive lethal genes 
into homozygous. In view of molecular marker types, 
Lorieux et al. (1995a, b) indicated that the estimation of 
recombination fractions in codominant markers is less 
affected by segregation distortion than that of dominant 
markers. In most cases, however, the scale and extent of 
segregation distortion for codominant versus dominant 
markers varied significantly among different data. 
 
 
b) Establishing linkage groups 
 
Markers are assigned to linkage groups using the odds 
ratios, which refers to the ratio of the probability that two 
loci are linked with a given recombination value over a 
probability that the two are not linked. This ratio is called 
a logarithm of odds (LOD) value or LOD score (Risch, 
1992; Stam, 1993a). The critical LOD scores used to 
establish linkage groups and calculate map distances are 
called  ‘linklod’  and  ‘maplod’, respectively (Stam, 1993b;  




Ortiz et al., 2001). Marker pairs with a recombination 
LOD score above a critical ‘linklod’ are considered to be 
linked whereas those with a LOD score less than ‘linklod’ 
are considered unlinked. Several researchers used a 
‘linklod’ value of 3 as the minimum threshold value in 
order to decide whether or not loci were linked. A LOD 
value of 3 between two markers indicates that linkage is 
1000 times more likely than no linkage (Stam, 1993a). 
Experience with modern data sets with many markers, 
especially those species with large numbers of chromo-
somes, shows that even using a ‘linklod’ of > 6 may lead 
to false positive linkage (Stam, 1993b; O’Donoughue et 
al., 1995). Higher critical LOD values will result in more 
number of fragmented linkage groups, each with smaller 
number of markers while small LOD values will tend to 
create few linkage groups with large number of markers 
per group. Two markers are placed in distinct linkage 
groups if they are not linked to any member of the other 
group. At any stage in the calculation, there is a group of 
markers which have been assigned to a linkage group 
and a group of free markers which have not yet been 
assigned. 
 Various options (e.g., changing the parameters of 
analyses, excluding loci or individuals, generation of addi-
tional marker data for linkage groups with few number of 
markers, etc.) can be tested until researchers establish 
satisfactory linkage groups. Ideally one would like to 
arrive at a number of linkage groups that is the same as 
the haploid chromosome numbers of the species under 
study. In practice, determining number of linkage groups 
is usually not a straightforward task because; 
 
a) Loci on different chromosomes may appear to be 
linked by chance (spurious linkage).  
b) Two or more linkage groups can be obtained for each 
chromosome (Figure 5), which results to the total 
number of linkage groups much higher than the 
haploid chromosome numbers. 
 
If a linkage group consists of loci from different chromo-
somes, this often leads to many suspect linkages and to 
a poor goodness-of-fit of the resulting map. Therefore, it 
is important to critically check every marker in each link-
age group before proceeding to the next step.  Further-
more, the number of linkage groups, especially in poly-
ploid species (e.g., O’Donoughue et al., 1995; Wight et 
al., 2003; Semagn et al., 2006), can be higher than the 
number of haploid chromosomes if the molecular markers 
are not well-distributed across all chromosomes and don’t 
sufficiently cover the genome. In hexaploid wheat, for 
example, the International Triticeae Mapping Initiative 
(ITMI) population (Synthetic/Opata) is one of the most 
extensively mapped population (Nelson et al., 1995a,b,c; 
Van Deynze et al., 1995; Marino et al., 1996; Roder et al., 
1998; Song et al., 2005) with 1468 markers scored for 
115  recombinant  inbred  (RI)  lines   (http://wheat.pw.us-  
  






Figure 5. Linkage map of barley chromosome 3H constructed using 
104 recombinant inbred lines (RILs) derived from a cross between 
accession OUH602 and cultivar Harrington. The map is developed 
using 26 simple sequence repeat (SSR) markers, which are given 
on the right side of each chromosome. Map distances in centi-
morgan are given on the left side (Yun et al., 2005). Note that the 
chromosome is fragmented into 3 linkage groups with each linkage 
group consisting of 3, 11 and 12 markers. This is an example of a 
poor map that doesn’t representative the entire chromosome for 




da.gov/GG2/index.shtml). Such data set, however, were 
created by combining results from various research gro-
ups. One of the problem Semagn et al. (2006) encoun-
tered in the ITMI dataset was the difficulty to establish 21 
linkage groups corresponding to the 21 hexaploid wheat 
chromosome (2n=6x=42). A total of 56 to 63 linkage 
groups were obtained depending on the LOD score used 
to establish linkages. The number of linkage groups per 
chromosome varied from 1 for chromosomes 4B and 4D 
to 5 for chromosomes 7A, 7B and 7D. Hexaploid wheat 
has a very large genome, 16 million kb/haploid cell   
(Bennett and Smith, 1976), and the large number of lin-
kage groups compared to haploid chromosome numbers 
suggest that several areas of the genome remain 





linkage mapping in species with high genome size could 
be much more complex and problematic even in the 
presence of large number of markers. 
The next step, after establishing linkage groups, is to 
assign them to a chromosome based on previous avail-
able information for anchoring markers (markers with 
known chromosomal location) and/or using aneuploid 
lines. Of course, the former is not possible if one starts 
from scratch. If there are no previously mapped ancho-
ring markers, one needs to determine the chromosomal 
location of selected markers in a linkage group using 
aneuploid lines, such as nullisomics, monosomics, and 
chromosome deletion stocks (Fox et al., 2001). Aneuploid 
is the condition in which the chromosome number of the 
cells of an individual is not an exact multiple of the typical 
haploid set for that species. If a marker is missing from a 
certain chromosome (piece) in aneuploid lines, it is strong 
evidence for its physical location. Aneuploids are very 
useful for assigning linkage groups of genetic markers to 
both physical chromosomes as well as for merging two or 
more linkage groups that belong to the same chromo-
some. However, one should remember that a single 
probe or primer-pair may produce multiple loci, especially 




c) Determining map distance and locus order 
 
For calculating map distances and determining locus 
order, the researchers need to specify several parame-
ters, including a recombination threshold value, minimum 
‘maplod’, jump threshold value, and mapping function 
(m.f.). Only information for marker pairs with a LOD score 
above ‘maplod’ is used in the calculation of map distan-
ces. The choice of ‘maplod’ values is arbitrary and it can 
be as low as 0.01 to as high as 3.0. If the value of 
‘maplod’ equal to 0.01, the program uses even very weak 
linkage information (usually corresponding to recombina-
tion values slightly less than 50%). If one is dealing with 
large linkage groups (i.e., over 50 markers per linkage 
group), various marker pairs will show insignificant 
linkage, if at all. In such cases, the ‘maplod’ value should 
be set between 0.5 and 1.0 to ensure that no information 
is used which comes from distant markers (Stam, 1993b). 
The mapping procedure is basically a process of building 
a map by adding loci one by one, starting from the most 
informative pair of loci (loci pair with most linkage 
information). If the order of sets of (at least three) 
markers is known in advance, this information can be 
provided to the program as a "fixed order" (Stam, 1993b; 
van Ooijen and Voorrips, 2001; Vision et al., 2000). At 
each step, a marker is added to the map on the basis of 
its total linkage information with the markers that were 
placed earlier on the map. For each added locus the best 
position is searched and a goodness-of-fit measure is 






(too large a jump), or when the locus gives rise to nega-
tive distances, the locus is removed again. This will 
continue until all loci have been handled once. This is the 
end of the so-called first round. Subsequently, all loci 
previously removed are attempted to be added to the 
map a second time. This can be successful since the 
map will contain more loci than at the first attempt. But it 
may also be unsuccessful again through too large a jump 
or negative distances, so that a locus will be removed 
once more. This is the second round. After that, all loci 
previously removed are attempted a final time to be 
added to the map by ignoring the requirements of 
maximum allowed reduction in goodness-of-fit and no 
negative distances. This is the final round and gives 
genetic map as shown in Figures 5 and 6. The former is 
an example of a map that partially represents a chromo-
some while the latter is a well saturated map that covers 
the entire chromosome. Of course, when all loci are fitted 
in the first or second round, there will not be subsequent 
rounds. Therefore, the researcher needs to critically 
check the various statistical analyses outputs in calcula-
ting map distance and locus ordering. 
When map distances are small (<10 cM), the map 
distance equals the recombination frequency (Figure 7). 
However, this relationship does not apply for map distan-
ces that are greater than 10 cM. Hence, the researcher 
must select one of the two genetic mapping functions 
(Haldane or Kosambi), which translates recombination 
frequencies into map distances and vice versa. Haldane’s 
mapping function (Haldane, 1931) assumes absence of 
interference between crossovers in meiosis, whereas 
Kosambi’s mapping function (Kosambi, 1944) assumes a 
certain degree of interference. Interference is the effect in 
which the occurrence of a crossover in a certain region 
reduces the probability of a crossover in the adjacent 
region. Such mapping functions convert recombination 
fractions into map units called centimorgans (cM) in 
honor of the geneticist Thomas Hunt Morgan. By defini-
tion, one map unit (m.u.) is equal to one percent recom-
binant phenotypes or 1 cM. For recombination frequent-
cies above 10%, Haldane mapping functions gives higher 
map distance than Kosambi; hence, the total map length 
of a species will be much higher for the Haldane’s than 
Kosambi’s mapping function. 
The statistical programs perform locus ordering using 
one of the locus-ordering criteria: weighted least squares, 
maximum likelihood and minimum sum of adjacent re-
combination fractions. Hackett and Broadfoot (2003) per-
formed a simulation study to compare the performance of 
these three locus-ordering criteria in the presence of 
missing values, typing errors and distorted segregation 
ratios. The authors concluded that map inflation was 
more extreme using the maximum likelihood criterion 
than using weighted least squares. The advantage of the 
weighted least-squares approach is that the distances 
between markers are calculated from the map distances  




between all pairs of markers on a chromosome, and 
hence the impact of typing errors on the distance bet-
ween adjacent markers is less severe. JoinMap uses the 
weighted least squares procedure as described by Stam 
(1993a), with one modification: the squares of the LODs 
are used as weights, thereby putting relatively more 
weight on more informative data (Van Ooijen and 
Voorrips, 2001). 
All markers generated for a particular segregating 
population may not establish linkage groups. For exam-
ple, Semagn et al. (2006) genotyped 93 DH lines derived 
from a cross between hexaploid wheat parents (Arina x 
NK93604) for 904 DNA markers (271 DArTs, 290 AFLPs, 
and 343 SSRs) but only 624 markers were finally incur-
porated into their respective linkage maps. Therefore, a 
large number of markers will be discarded before const-
ructing the final linkage map. 
Vision et al. (2000) proposed two experimental phases 
in the construction of a high-density genetic map: the first 
is to construct a high-confidence framework and the 
second is to add new markers to this framework. This 
two-phased strategy allows many markers to be placed 
on a well-measured map with a minimum of genotyping 
and avoids the loss in map resolution that would result 
from arbitrarily shrinking mapping population size.  In the 
first phase of the proposed strategy, the breakpoints for 
each individual in the full mapping population are located 
using a limited number of the available markers, which 
are referred to as the framework markers. Preferably, 
these markers are chosen on the basis of prior know-
ledge concerning their even distribution throughout the 
genome, as measured by breakpoint density. The map 
constructed in this first phase, in which the framework 
markers are placed confidently and precisely is referred 
to as the framework map. In the second phase, the 
genotypes for all subsequent markers are scored in a 
small sample of individuals that have been selected on 
the basis of the information obtained during the first 
phase. The data obtained in this second phase allow the 
mapping of new markers relative to the fixed framework.   
 
 
RELATIONSHIP BETWEEN GENETIC AND PHYSICAL 
MAPS 
 
The order of markers in a high density genetic map 
remains the same as that of the physical map (Figure 8). 
However, there is no direct linear relationship between 
units of genetic distances in centimorgan (cM) and 
physical distances in kilobase pairs (kb). [Note that 1 
megabase pair (Mb) = 103 kilobase pair (kb) = 106 bp]. 
For chromosome 4 of Arabidopsis, for example, the kilo-
base pair to centimorgan ratio varied from 30 to 550 kb 
per cM (Schmidt et al., 1995). In rice 1 cM on average 
equals to 258.5 kb (The Rice Genome Sequencing Pro-
ject, 2005) but this figure actually varies from 120 to 1000 
  




      
 
Figure 6. Map of chromosomes 2B (left) and 4A (right) in bread wheat (Triticum aestivum). Chromo-
some 2B is an example of a well saturated microsatellite consensus map. Expressed sequence tags 
(EST) markers are in black; the remainders loci are microsatellite markers and are color coded by 
microsatellite source (red -Wheat Microsatellite Consortium (WMC); green - GWM/GDM, cyan - 
CFA/CFD; blue - BARC). Loci that cosegregated are grouped beside a vertical line on the right side of 
the chromosome (Somers et al., 2004). Chromosome 4A shows high clustering of diversity arrays 
technology (DArT) markers (green) compared to amplified fragment length polymorphism (blue) and 
microsatellite (black) markers (Semagn et al., 2006). Numbers on the left shows map distances in 








Figure 7. Comparison of Haldane’s and Kosambi’s mapping 
functions. Below a recombination frequency of 0.1 (10%), there is 
almost no difference between the two mapping functions (r = d). For 
recombination frequencies above 0.1 or 10%, Haldane mapping 




kb per cM (Kurata et al., 1994). In wheat, the variation is 
even more extreme, with 1 cM equivalent to 118 to 
22,000 kb (Gill et al., 1996a, b). Therefore, genetically 
close markers may actually be far apart in terms of base 
pairs (or vice versa) due to differences in the frequency of 
recombination along the length of a chromosome (Figure 
8). The non linear relationship between genetic and phy-
sical map distances can hinder the ability of geneticists to 
identify genes by map-based techniques. Understanding 
the rules that govern the distribution of recombination 
events will, therefore, be of great value to researchers 
who aim at identifying genes on the basis of their position 
in a genetic map. 
Meiotic recombination occurs preferentially at defined 
sites, termed hot spots, along chromosomes of various 
eukaryotic organisms (Shiroishi et al., 1993; Smith, 1994; 
Lichten and Goldman, 1995). In all eukaryotic organisms 
that have been analyzed in detail, regions of high (hot 
spots) and low (cold spots) recombination have been 
reported (Lichten and Goldman, 1995; Wahls, 1998). In 
hexaploid wheat, more than 85% of the genes are pre-
sent in gene-rich regions, physically spanning only 5–
10% of the chromosomal region (Gill et al., 1996a,b). The 
gene-rich regions are interspersed with blocks of repeti-
tive DNA sequences visualized as regions of low gene 
density. These gene-rich regions undergo recombination 
much more frequently than do gene-poor regions. Kilo- 
base pair per cM estimates ranged from 118 kb for gene- 




rich regions to 22,000 kb for gene-poor regions (Gill et 
al., 1996a). Physical distribution of recombination events 
is non random in other plant species as well (Rick, 1971). 
Division of higher organism genomes into gene-rich and 
gene-poor compartments seems a common feature 
(Sumner et al., 1993). Regions corresponding to centro-
meres (Figure 9), and even some telomeres in tomato 
and potato, show a 10-fold decrease in recombination 
compared to other regions in the genome (Tanksley et 
al., 1992). Reduced recombination frequency in pericen-
tric regions is also seen in many species including wheat 
(Dvorak and Chen, 1984; Snape et al., 1985; Curtis and 
Lukaszewski, 1991; Gill et al., 1993; Gill and Gill, 1994; 
Gill et al., 1996a,b), barley (Leitch and Heslop-Harrison, 
1993; Pedersen et al., 1995; Kunzel et al., 2000), rye 
(Heslop-Harrison, 1991; Wang et al., 1992), and Lolium 
(Hayward et al., 1998 ; Bert et al., 1999).  When conside-
ring the average length of DNA per unit of recombination, 
different segments of a chromosome should therefore be 
considered independently.  
The genetic- and physical-map orders of markers are 
not without errors. Inaccuracies in genetic maps can 
result from genotyping errors, as well as from the use of a 
limited number of informative meioses to generate maps. 
Errors in the order of markers on physical maps can be 
due to problems with assembly or to incorrect identifica-
tion of marker positions. Even when the order of markers 
is known to be without error, accurate estimates of 
recombination fractions will play an important role in 
linkage studies (Clerget-Darpoux et al., 1986; Risch and 
Giuffra, 1992; Goddard et al., 2000; Collins et al., 2001; 
Reich et al., 2001). 
 
 
PROSPECTS OF GENETIC MAPPING 
 
The development of genetic maps based on markers that 
are simple to generate, highly reproducible, codominant, 
and specific for known linkage groups are highly desira-
ble for their application in breeding. The transferability of 
maps constructed using AFLPs, RAPDs, and ISSRs is 
limited between populations and pedigrees within a 
species (Chagne et al., 2003) because each marker is 
primarily defined by its length (i.e., sequence information 
may be limited). Moreover, the same size band amplified 
across populations/species does not necessarily mean 
that bands possess the same sequence, unless proven 
by hybridization studies (Thormann et al., 1994). In 
contrast, the development of high density maps that 
incorporate EST-derived RFLP, SSR and SNP markers 
will provide researchers with a greater arsenal of tools for 
identifying genes or QTLs associated with economically 
important traits. Furthermore, such EST-based markers 
mapped in one population can be used as probes and 
primers for characterizing other populations within the 
same species. 
  






Figure 8. Comparison of physical and genetic map of barley chromosome 2H (Kunzel et al., 2000). The 
idiograms and RFLP maps are aligned at approximate centromere positions (CEN). Subregions of similar 
recombination rates are shown in the same color. As compared to the genome-wide average (4.4 Mb/cM), 
blue indicates suppressed (> 4.4 Mb/cM), green increased (1.0–4.4), and red strongly increased (< 1.0 
Mb/cM) recombination. Black regions of the physical maps mark Giemsa N bands. Positions of N bands, 
nucleolus organizer regions (NOR) and translocation breakpoints (TB) are given in fraction-length (FL) 
estimates. If several TBs were mapped between the same loci, the Mb distance between the two physically 
most distant TBs was divided by the cM distance of the two flanking markers; such estimates are marked 
by the preceding symbol <. Special cases are denoted by superscript a–c. (a) Corresponding genetic 
distance is not definable since the TBs are located between cosegregating markers, as indicated to the 
right of the genetic maps. (b) Physical subregions are arbitrarily assigned to 0.01-FL intervals because TBs 
of the same FL estimate are located in different regions of the genetic map. (c) cM positions of both the 








Figure 9. The relationship between genetic and physical distances 
on 3 rice chromosomes (Chen et al., 2002). Recom-bination is 
suppressed around centromere and the ratio of genetic/physical 
distances in this region is much lower than all other parts of the 
chromosomes. In contrast, there is often high rate of recombination 





Genetic maps with good genome coverage and confi-
dence in locus order requires not only large numbers of 
DNA markers, but also the analyses of large numbers of 
individuals. The requirement for a large number of mar-
kers or mapping populations to reduce the linkage group 
number to haploid chromosome numbers and increase 
map accuracy has been emphasized in mapping studies 
(e.g., Jeuken et al., 2001; Sharma et al., 2002; Crane and 
Crane, 2005). In a genome of 1 million kb and a total 
genetic  map  length  of  1000  cM,  for  example,  1 cM is  




1000 kb. To localize markers within distances of 100 kb 
or less means mapping to a resolution of 0.1 cM or less. 
This would require analysis of more than 3000 segrega-
ting progeny in the hope of obtaining those few individ-
uals in which crossovers had occurred very close to the 
target gene (Tanksley et al., 1995). However, analyses of 
such large number of individuals require very high throu-
ghput techniques. The methods for detection and analy-
sis of widely-used markers are automated and much 
faster than some years ago. One example of an improve-
ment in the efficiency of marker analysis is multiplex 
PCR, which enables multiple marker loci to be tested 
simultaneously. PCR products up to 9 different primer 
pairs with non-overlapping ranges of allele sizes can be 
multiplexed and run on high throughput DNA sequencing 
machines. New types of high-throughput marker systems, 
such as SNPs, should play an important role in the 
construction of high density maps, provided that these 
methods are not too expensive. Due to the abundance of 
SNPs and development of sophisticated high-throughput 
SNP detection systems, it is expected that SNP markers 
will have a great influence on future mapping studies 
(Rafalski, 2002; Koebner and Summers, 2003). Compari-
son of sequences of the two rice cultivars ‘Nipponbare’ 
(japonica) and ‘Kasalath’ (indica) revealed a total of 
80,127 polymorphic SNPs and 18,828 potentially poly-
morphic SSRs. This suggests the high potential of SNP 
and SSR markers for other species as well for the 
construction of highly saturated genetic maps. 
Genetic maps based on DNA markers are available for 
several economically important plants, including arabido-
psis, maize, rice, wheat, barley, tomato, potato, sunflo-
wer, pea, bean, rye, millet, cotton, soybean, sorghum, 
cowpea, tobacco, turnip rape, cauliflower, sunflower, alfa-
lfa, carrot, sugarcane, sugar beet, coffee, and grape. In 
model species (such as arabidopsis and rice) and other 
extensively studied species, one can find several genetic 
maps developed by different researchers using different 
mapping populations, sample size, marker systems, and 
statistical programs. However, it is not always possible to 
get the same map length and marker order in these 
different genetic maps. Such type of problem can be 
solved with the development of a wide range of high 
throughput techniques for physical mapping of chromo-
somes. It is only with the availability of physical maps that 
one can be sure of the order of markers along chromoso-
mes and their actual length in kilobase pairs. The ultimate 
physical map is the whole genome DNA sequence, which 
is available for a few species such as Arabidopsis 
thaliana (The Arabidopsis Genome Initiative, 2000) and 
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